In this study we set out to characterize gp20, a 20 kDa glycoprotein of the human sperm surface, first identified by us by radiolabelling the sialic acid residues of the sperm surface [R. Focarelli et al. (1995) , Mol. Hum. Reprod., 2, 2755-2759]. The protein was partially purified from pooled sperm samples of several healthy donors and used to raise a specific antiserum to study its localization in the reproductive system. When tested with freshly ejaculated spermatozoa, the anti-gp20 antibody intensely stained the head and midpiece. However, on capacitated spermatozoa the antigen was restricted to a sharp zone in the equatorial region. The antibody did not bind to differentiating germ cells but the antigen was present in epididymal epithelial cells and also in seminal plasma. Anti-gp20 exerted a blocking effect in a test for sperm penetration of zonafree hamster eggs, thus suggesting that gp20 is involved in the early stages of fertilization.
Introduction
The complex architecture of the mammalian sperm surface changes throughout development from spermiogenesis to fertilization. During transit through the epididymis, testicular proteins may be gradually removed or rearranged (Dacheux et al., 1990) while proteins secreted by the testicular epithelium may attach to the sperm surface (Hermo et al., 1994) . The synthesis and secretion of epididymal proteins that bind to spermatozoa during epididymal transit is well documented in various species from mice to primates (Shabanowitz and Killian, 1987; Holland and Orgebin-Crist, 1988; Ghyselinck et al., 1989; Isahakia, 1989) . The association of secretory proteins with human spermatozoa has been demonstrated by monoclonal and polyclonal antibodies against the sperm surface. These antigens have rarely been identified (Boué et al., 1996) and have never been purified. Some of them are involved in sperm binding to the zona pellucida and oocyte plasma membrane (Boué et al., 1995 (Boué et al., , 1996 . Male gametes undergo other complex surface transformations following their encounter with accessory gland secretions during ejaculation and when they are capacitated in the female genital tract. The modifications occurring in these steps are not fully understood but they are known to involve coating of the sperm surface with secretion products in the first step and uncoating during the second step.
In our work on changes in sialylglycoconjugates on human spermatozoa during capacitation, we have shown that these molecules are abundant in freshly ejaculated spermatozoa but are gradually lost during in-vitro capacitation (Focarelli et al., 1990) . Sialylglycoconjugates were identified by radiolabelling the terminal sialic acid residues on human spermatozoa before and after capacitation. After capacitation only one sialylglycoprotein of~20 kDa (gp20) could be detected on the sperm surface (Focarelli et al., 1995) . We have produced a specific antibody against this glycoprotein and in this paper we report on the localization of gp20 in ejaculated spermatozoa before and after capacitation and on the capacity of this antibody to inhibit sperm penetration of zona-free hamster eggs. No reactivity to the antibody was found in sections of testis. By contrast, sections of epididymis displayed strong reactivity.
Materials and methods

Collection and capacitation of spermatozoa
Human ejaculates were obtained from healthy donors and allowed to liquefy at room temperature for~30 min. Motile spermatozoa were separated from seminal plasma by centrifugation on a Percoll gradient essentially as described by Siiteri et al. (1988) . Briefly, aliquots (500 µl) of liquefied semen were stratified over a discontinuous Percoll gradient consisting of an upper layer (1 ml) of 40% Percoll and a lower layer (1 ml) of 80% Percoll and then centrifuged at 300 g for 20 min. The motile sperm fraction was recovered at the interface between the two Percoll solutions, washed once in phosphatebuffered saline (PBS: 150 mM NaCl, 50 mM KH 2 PO 4 , pH 7.4) by cenrifugation at 300 g for 10 min. Capacitation was achieved by incubating spermatozoa for 6 h in BWW (Biggers-WhittenWhittingham medium) (Biggers et al., 1971) containing 35 mg/ml of human serum albumin (HSA) as previously described (Focarelli et al., 1990) . Motile sperm cells always constituted at least 70% of the population before and after incubation under capacitating conditions. Sperm membrane integrity was evaluated by the hypo-osmotic swelling test (HOS test) as described by Jeyendran et al. (1984) .
Ion exchange chromatography
Proteins were extracted from pooled, capacitated, human sperm membranes as described (Focarelli et al., 1995) using a solubilization buffer containing 0.1% Triton X-100. The proteins were then separated by ion exchange chromatography on a Mono Q column (Pharmacia, Uppsala, Sweden) fitted in a fast performance liquid chromatography (FPLC) apparatus and eluted at a flow rate of 0.5 ml/min, applying a linear gradient produced by mixing 10 mM Tris-HCl, pH 8.0 (eluent A) and 1 M NaCl, 10 mM Tris-HCl pH 8.0 (eluent B) as follows: isocratically with A for 4 ml, followed by 0-40% B for 30 ml, 40-100% B for 10 ml, isocratically with 100% B for 4 ml and 100-0% B for 4 ml. Proteins were detected at 280 nm with a UV-M-II monitor (Pharmacia, Uppsala, Sweden). Fractions were pooled and lyophilized for further analysis.
Electrophoresis and Western immunoblotting
Samples (see Results) were separated on a Tricine-sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) system essentially as described by Schägger and von Jagow (1987) . The separation gel consisted of 10% acrylamide with a 3% stacking gel. The gels were either stained with Coomassie Brilliant Blue or transferred to nitrocellulose as described by Towbin et al. (1979) . Nitrocellulose sheets were then blocked in PBS containing 2% bovine serum albumin (BSA) and then incubated in PBS-BSA overnight at room temperature with the anti-gp20 at a dilution of 1:250. After several washings with PBS containing 0.1% Triton X-100 (PBSTriton), blots were incubated for 1 h in the presence of goat anti-rabbit IgG conjugated with peroxidase (Boehringer, Mannheim, Germany) at a dilution of 1:7500. After extensive rinsing in PBSTriton, the reaction was developed with 0.3% 4-chloro-1-naphthol in methanol and 0.01% H 2 O 2 in 25 mM Tris-HCl, pH 6.8. After 5 min the reactions were stopped by washing in distilled water. Preimmune serum at the same dilution as the anti-gp20 was used as a control.
Preparation of anti-gp20 polyclonal antibodies
Polyclonal antibodies against gp20 were raised in adult male New Zealand white rabbits, essentially as described by Knudsen (1985) . Briefly, partially purified gp20 was separated by electrophoresis on a 10% polyacrylamide gel and then transferred to nitrocellulose as described below. gp20 was identified by staining with Ponceau S. After destaining, the area of the nitrocellulose sheet containing the protein was cut and used to immunize rabbits. The animals were immunized four times with the following protocol: day 1,~10 µg of protein in complete Freund's adjuvant; days 28, 56 and 100,~5 µg of protein in incomplete Freund's adjuvant. The sera were titred by dot blot, blotting the FPLC peak proteins onto nitrocellulose and then making serial dilutions. The specificity of the sera was tested by immunoblot (Western blot) on whole sperm extracts (capacitated and uncapacitated) and on different mouse tissues as described below.
Fluorescence microscopy
Aliquots (100 µl) of uncapacitated and capacitated human spermatozoa obtained from the Percoll centrifugation step were smeared onto ethanol-cleaned glass slides and allowed to attach at room temperature, taking care to keep them in a liquid phase since air-drying has been reported to damage the sperm membrane (Haas et al., 1988) . After repeated washings in PBS, the smears were blocked for 30 min with 2% BSA in PBS and then incubated for 1 h in the same buffer containing various dilutions of the anti-gp20 antibody. After repeated washings, the smears were incubated with fluorescein-conjugated goat anti-rabbit IgG (Boehringer) diluted to 20 µg/ml, washed, mounted in PBS-glycerol and observed with a laser scanning confocal apparatus (BioRad Microscience, Cambridge, MA, USA). Control 120 experiments were performed with preimmune serum. Membrane integrity was checked in sperm smears using the impermeable nuclear dye propidium iodide (1 µg/ml) with and without permeabilization. Some of the smears were also double-labelled with rhodamineconjugated Pisum sativum agglutinin to assess the acrosomal status according to the method of Cross et al. (1986) , both in the untreated and ethanol-permeabilized preparations.
Immunocytochemistry
Epididymal sections 4 µm thick, obtained at orchidectomy of elderly men suffering carcinoma, and testicular sections obtained from biopsies of adult normal men were deparaffinized and subjected to immunohistochemical labelling according to the following protocol: (i) endogenous peroxidase activity was eliminated with 1% H 2 O 2 in PBS for 30 min at room temperature; (ii) blocking of non-specific binding sites by incubation for 1 h in 5% normal goat serum in PBS; (iii) overnight incubation at 4°C in the above-mentioned buffer containing the anti-gp20 antiserum at a dilution of 1:10; (iv) incubation of the slides, after repeated washing, in PBS peroxidase-conjugated goat anti-rabbit IgG at a dilution of 1:100; (v) incubation in 0.05% diaminobenzidine in PBS containing 0.1% H 2 O 2 . Sections were left unstained or were counterstained in Mayer's haematoxylin. Controls were performed by omission of the primary antibody or by replacing the anti-gp20 with preimmune serum.
Zona-free hamster egg penetration test
In the test of anti-gp20 on hamster egg penetration, matching samples of the same donor spermatozoa were exposed to scalar dilutions of anti-gp20 immune serum and to similar dilutions of preimmune serum as control. The hamster egg penetration test (HEPT) enhanced with TES-Tris (TEST) yolk buffer (Sigma Chemical Co., St Louis, MO, USA) was performed as previously reported (Francavilla et al., 1997) . Briefly, a motile sperm suspension from a normozoospermic donor was obtained by swim-up procedure, mixed with an equal volume of TEST-yolk buffer and incubated at 4°C for 20 h. At the end of the incubation, the mixture was washed twice in BWW containing 0.3% BSA and the pellets were resuspended in BWW containing 3% BSA. Sperm suspensions were divided into aliquots, which were then exposed to scalar dilutions of both anti-gp20 immune serum and preimmune serum. Standard procedures were utilized for the recruitment and processing of hamster oocytes (World Health Organization, 1992) . Sixteen to 18 zona-free oocytes were added to 500 000 spermatozoa in 100 µl under paraffin oil. After 3 h of coincubation at 37°C in an atmosphere of 5% CO 2 /95% air, the oocytes were fixed in picric acid/formaldehyde overnight and stained with Giemsa. Ova were examined at ϫ400 for the evidence of swollen heads. The number of penetrations per oocyte (penetration index: PI) and the number of spermatozoa attached to the oolemma (binding ratio) were recorded. The evaluation parameters were expressed as a ratio between test samples and control samples.
Results
gp20 purification by FPLC
Sperm extracts were prepared as described in Focarelli et al. (1995) starting from sperm samples of several donors by Triton X-100 treatment. Extracts were pooled and fractioned by anion exchange FPLC using a gradient of increasing concentrations of NaCl (Figure 1 ). Fractions corresponding to the peak eluting at~0.8 M NaCl, containing gp20 as determined from our previous experiments (Focarelli et al., 1995) , were pooled, dialysed extensively against distilled water and subjected to Figure 1 . Anion-exchange fast performance liquid chromatography fractionation of capacitated human sperm membrane extracts and immunoblot analysis of the peak containing gp20. Solid line: absorbance profile at 280 nm; dashed line: NaCl gradient. Separation conditions are described in the text. The fractions corresponding to the shadowed area were pooled, dialysed, lyophilized and electrophoretically separated. Samples containing 50 µg proteins were run for each experiment (inset, lane 2). Immunoblot analysis of the same electrophoretic pattern using anti-gp20 is shown in inset, lane 3; lane 1 shows the following prestained molecular weight markers: from the top: myosin, 206 kDa; β-galactosidase, 125 kDa; bovine serum albumin, 88 kDa; ovalbumin, 48 kDa; carbonic anhydrase 35 kDa; soybean trypsin inhibitor, 30 kDa; lysozyme, 20 kDa; aprotinin, 7 kDa. Figure 1 (inset lane 2) the pooled fractions contained only four peptides among which was a prominent 20 kDa species.
SDS-PAGE on a Tricine gel. As shown in
Generation and specificity of an antiserum against gp20
gp20 separated on SDS-PAGE and blotted on nitrocellulose was used to immunize rabbits according to the procedure described in Materials and methods. Dot blot titration of rabbit serum collected after the fourth immunization indicated a titre of 1:250 for anti-gp20 whereas the corresponding preimmune serum showed low level, non-specific response (data not shown). When immunoblot analysis was performed with FPLCpurified proteins the antiserum only reacted with the 20 kDa protein species (Figure 1 inset, lane 3) . In most cases the reactive species appeared as a doublet with apparent mol. wt of 19 and 21 kDa, respectively ( Figure 2B , lane 2)
Immunoblot analysis of anti-gp20 reactivity
Results from the immunoblot analysis of anti-gp20 reactivity with total membrane extracts of human and murine spermatozoa and with total extracts of other murine tissues are shown in Figure 2B . Human spermatozoa showed only one reactive species with the same mol. wt as a band observed in the fractions from the FPLC purification step ( Figure 2B , lane 2), whereas no reactivity at all was observed on murine spermato-121 zoa or in the other tissues tested ( Figure 2B, lanes 3-6) . No reactivity was observed with rat sperm extracts (data not shown). Immunoblot anti-gp20 reactivity was also tested using extracts from both capacitated and uncapacitated spermatozoa and seminal plasma. In all cases only one reactive species at 20 kDa was observed (Figure 3) .
Localization of gp20 antigen on spermatozoa
The localization of gp20 antigen was investigated by double label immunofluorescence experiments. Unfixed Percollselected human capacitated and uncapacitated spermatozoa were treated with the anti-gp20 antiserum, as described in Materials and methods, at a dilution of 1:10 and observed by laser confocal or fluorescence microscopes. Preliminary experiments showed that no reactivity at all was detected with preimmune serum. When freshly washed spermatozoa were tested with the immune serum a strong reactivity was observed in the head and in the tail especially at level of the midpiece ( Figure 4A ). A completely different fluorescence pattern was observed with capacitated spermatozoa ( Figure 4B ). In this case at least 90% of sperm population showed a bright fluorescence only in the equatorial region of the head ( Figure  4B ) and, to a minor extent, at level of the midpiece. All samples of spermatozoa, after incubation with the serum, were tested for the acrosome reaction by PSA and proven to be unreacted (data not shown). 
Detection of gp20 antigen in the male genital tract
Immunoperoxidase staining of sections of human testis and epididymis, probed with anti-gp20 antiserum, was performed. No staining was observed in testis sections (data not shown), whereas strong staining was observed all over the cytoplasm of principal epithelial cells in the sections of epididymis ( Figure 5 ).
Effect of anti-gp20 on the sperm penetration assay of zona-free hamster ova assay
Experiments were performed to analyze the effect of anti-gp20 on the motility and other properties of spermatozoa. Serum up 122 to 1:10 dilution only very slightly agglutinated spermatozoa but had no effect at all on their motility; no agglutination was observed in the presence of serum over this dilution. The effect of anti-gp20 on hamster egg penetration was evaluated by matching the same donor sperm suspensions exposed to scalar dilutions of anti-gp20 immune serum and to the same dilutions of preimmune serum as control. Spermatozoa were preincubated in TEST-yolk buffer at 4°C which makes the cells highly fusogenic, enhancing sperm penetration (Johnson et al., 1984; Jacobs et al. , 1995; Mortimer and Fraser, 1996) . Furthermore this optimized version of the HEPT avoids the occurrence of a high percentage of false negative results due to the low incidence of spontaneous acrosome reactions, the major biological defect of the conventional assay. In fact, as shown in Table I , anti-gp20 caused a significant inhibition of the hamster egg penetration relative to controls. The inhibitory effect was dose dependent, disappeared at 1:100 dilution and involved both egg penetration and sperm binding to the oolemma.
Discussion
In this study we have characterized gp20, a 20 kDa glycoprotein of the human sperm surface, which was first identified by us by radiolabelling the sialic acid residues of the sperm surface (Focarelli et al., 1995) . It turned out to be the only sialylglycoprotein exposed on the sperm surface after the capacitation process (Focarelli et al., 1995) . Using several sperm samples from healthy donors, we partially purified the protein and used it to raise a relevant antiserum. The antiserum was highly specific for the 20 kDa protein species since it recognized only this species in immunoblots of the SDS-PAGE-separated polypeptides from whole sperm plasma membrane. No similar Figure 4 . Localization of gp20 antigen on non-capacitated (A) and capacitated (B) human sperm cells. Smears of spermatozoa were treated with anti-gp20 serum followed by goat anti-rabbit IgG-conjugated with fluorescein and observed in a confocal laser scanning microscope. an intense positivity both on the head and on the midpiece of non-capacitated spermatozoa can be seen. In capacitated (B) spermatozoa an intense brightness in the equatorial region of the head is seen. A faint reactivity on the midpiece is also frequently seen (B) bar ϭ 14 µm. antigens were found in murine spermatozoa, in rat spermatozoa or in other murine tissues. We then used the serum to immunolocalize the antigen on the sperm surface. When applied to freshly ejaculated spermatozoa gp20 antigen was localized everywhere on the head and on the tail. By contrast, a very specific localization was seen on capacitated spermatozoa. In this case the antigen appeared restricted to the equatorial region of the head in almost all spermatozoa with a variable faint presence in the mid-piece. This result is in line with our previous results using lectins specific for sialic acid residues (Focarelli et al., 1995) . The localization of the antigen in the region indicated by some authors to be involved in spermoocyte fusion (Bedford, 1994) suggests a specific role for gp20 in the fertilizing ability of spermatozoa. Our analysis of the effect of anti-gp20 on sperm penetration of hamster eggs revealed that blocking the gp20 antigen strongly interferes with this process. The inhibitory effect of anti-gp20 on HEPT cannot be related to interference with the acrosome reaction since the spermatozoa were exposed to anti-gp20 after the molecular events that led to the acrosome reaction had already been activated by incubation with TEST-yolk buffer followed by restoration of physiological temperature (Johnson et al., 1984) . However, an effect due to a non-specific steric hindrance of the Ig molecules on the sperm surface cannot be excluded at present. gp20 is not a testicular antigen since the antibody did not react with differentiating germ cells. On the contrary, the antigen was produced by epididymal cells and was also present in the seminal plasma. Taken together these data suggest that gp20 is an antigen specifically acquired during the first part of the passage of spermatozoa through the male ducts and is exposed and/or rearranged to a precise region of the sperm surface as a result of the capacitation process. We explain the overall immunoreactivity of the uncapacitated spermatozoa as mainly depending on a non-specific adhesion of the antigen present in the seminal plasma.
A close relationship between the maturation changes of human spermatozoa and the transit in epididymis has been recently demonstrated by Yeung et al. (1997) . Substantial progress has also been achieved in recent years with the demonstration that glycoproteins secreted by the epididymis become associated with the surface of spermatozoa during maturation; a biological role for this process has been suggested (Tezon et al., 1985; Cameo et al., 1990) . The fact that immature spermatozoa from the proximal epididymal segments gain the ability to fertilize eggs after incubation with preparations of secreted epididymal glycoproteins (Orgebin-Crist and FournierDelpech, 1982; Moore et al., 1983; Cuaniscu et al., 1984; Gonzalez-Echeverria et al., 1984; Moore and Hartman, 1986) has reinforced this suggestion. On the other hand, it is known that following the reorganization that occurs during epididymal maturation and during storage in the cauda epididymis, the sperm membrane must undergo subsequent rearrangement prior to fertilization (Holt, 1995) . Capacitation is considered a process involving significant changes in the membrane architecture and the equatorial segment of the head is considered a prime target of the reorganization processes occurring during capacitation (Holt, 1995) .
Since gp20 is inserted during epididymal transit and thereafter is specifically localized to the equatorial region during capacitation, gp20 possesses all the requisites of an antigen that is important in the control of the fertilizing ability of human spermatozoa.
